For many years, ␤-adrenergic receptor antagonists (␤-blockers or ␤AR antagonists) have provided significant morbidity and mortality benefits in patients who have sustained acute myocardial infarction. More recently, ␤-adrenergic receptor antagonists have been found to provide survival benefits in patients suffering from heart failure, although the efficacy of different ␤-blockers varies widely in this condition. One drug, carvedilol, a nonsubtypeselective ␤AR antagonist, has proven particularly effective in the treatment of heart failure, although the mechanism(s) responsible for this are controversial. Here, we report that among 16 clinically relevant ␤AR antagonists, carvedilol displays a unique profile of in vitro signaling characteristics. We observed that in ␤2 adrenergic receptor (␤2AR)-expressing HEK-293 cells, carvedilol has inverse efficacy for stimulating G s-dependent adenylyl cyclase but, nonetheless, stimulates (i) phosphorylation of the receptor's cytoplasmic tail on previously documented G protein-coupled receptor kinase sites; (ii) recruitment of ␤-arrestin to the ␤2AR; (iii) receptor internalization; and (iv) activation of extracellular regulated kinase 1/2 (ERK 1/2), which is maintained in the G protein-uncoupled mutant ␤2AR T68F,Y132G,Y219A (␤2AR TYY ) and abolished by ␤-arrestin2 siRNA. Taken together, these data indicate that carvedilol is able to stabilize a receptor conformation which, although uncoupled from Gs, is nonetheless able to stimulate ␤-arrestinmediated signaling. We hypothesize that such signaling may contribute to the special efficacy of carvedilol in the treatment of heart failure and may serve as a prototype for a new generation of therapeutic ␤2AR ligands.
S
even transmembrane receptors (7TMRs), are one of the most important target classes of therapeutic agents, accounting for Ͼ30% of all prescription medications (1) . Traditionally, ligands for such receptors have been classified as agonists, which promote signaling through activation of heterotrimeric G proteins and generation of second messengers such as cyclic adenosine monophosphate (cAMP), or antagonists that block such stimulation (2) . Recent work, however, has suggested that this simple classification is inadequate and that receptors may exist in multiple active conformations, each of which could display a distinct signaling profile (3) (4) (5) (6) .
Moreover, it has recently been appreciated that, in addition to signaling through G proteins, 7TMRs can also use the multifunctional adaptor proteins ␤-arrestins 1 and 2 to activate cellular pathways (7, 8) . These proteins were originally discovered to bind to activated GRK-phosphorylated receptors and thus block or ''desensitize'' further receptor-stimulated G protein activation (9) . Consequently, ␤-arrestins exist as bifunctional cellular mediators: even as they terminate G protein signaling, they can function as scaffolds for signaling networks such as mitogen-activated protein kinases (MAPK) including ERK 1/2 (10, 11) , cJun N-terminal kinase (JNK3) (12) , and p38 kinase (13) as well as phosphatidylinositol 3 kinase (PI3K) and Akt (14) (15) (16) . Recent work also suggests that ␤-arrestin may have significant antiapoptotic roles within the cell (10, 14, 17) , although the exact mechanisms behind this regulation are largely unknown.
Ligands targeting 7TMRs such as ␤AR antagonists are used therapeutically in numerous conditions. By virtue of their ability to block the deleterious G protein-mediated effects of excess catecholamine stimulation in the heart and other organs, ␤AR antagonists have become important therapeutic tools for a variety of cardiovascular conditions including hypertension (18) , angina (19) , post-acute myocardial infarction (AMI) (20) and heart failure (21) . The ␤AR antagonist carvedilol recently was demonstrated to significantly reduce morbidity and mortality in heart failure and in post-AMI patients (22) (23) (24) (25) . Moreover, although controversial, some evidence suggests carvedilol may possess unique survival advantages in heart failure over other ␤AR antagonists (23) . The mechanisms of such advantages are currently unknown but have been variously ascribed to ancillary properties of carvedilol including antioxidant (26) , antiinflammatory (27) , antiproliferative (28) , and antiarrhythmic abilities (29) as well as its capacity to serve as an ␣ 1 adrenergic receptor antagonist (30) .
Given recent advances in understanding 7TMR signaling and regulation, we examined a subset of 16 known ␤AR antagonists for both AC and ERK 1/2 efficacy at the ␤2AR in simple cellular systems. This subset encompassed a wide range of clinically used agents including both nonselective and subtype-selective ligands. The results suggest a unique profile of activities for carvedilol that might explain, in part, its positive therapeutic attributes and promote development of ␤2AR ligands that antagonize G smediated signaling while stimulating ␤-arrestin-mediated signaling.
Results cAMP Accumulation. Typically, receptor ligands have been classified as either agonist (full or partial) or antagonist with respect to G protein-coupling efficiency. Work over the last 20 years has expanded this classification to include the concept of inverse agonism, and it has been observed that numerous classical neutral antagonists actually act as either partial agonists or inverse agonists (2) . Here, we used the live-cell biosensor ICUE2 to assess G s -dependent cAMP efficacy at the ␤2AR (31). Acebutolol, alprenolol, atenolol, labetalol, oxprenolol, pindolol, and practolol displayed weak partial agonism for G s -dependent AC activation (Fig. 1A) . Ligands that did not stimulate significant cAMP generation were further analyzed for inverse agonism. Each of these (betaxolol, bisoprolol, carvedilol, ICI 118,551, metoprolol, nadolol, propranolol, sotalol, and timolol) decreased constitutive cAMP accumulation and are thus inverse agonists (Fig. 1B) . As described (2), we found no neutral antagonists, indicating that this classification may be an artifact of low assay sensitivity and that most if not all ␤AR ligands have some level of efficacy. ERK 1/2 Activation. Recent work has demonstrated that ␤-arrestins can serve as scaffolds that activate signaling networks including ERK 1/2 (10, 11) independent of G protein activity (25) . Although none of the ␤AR antagonists we tested led to ERK1/2 activation in untransfected HEK-293 cells, we observed that in HEK-293 cells stably expressing 2 pmol/mg ␤2AR, a wide range of ERK 1/2 activation responses can be elicited by different ␤AR antagonists ( Fig. 2A) . Acebutolol, atenolol, alprenolol, carvedilol, labetalol, oxprenolol, pindolol, practolol, and propranolol all activate ERK to varying degrees. To define the role of G protein stimulation in these ERK1/2 responses, we used a mutant ␤2AR that does not couple to G proteins but maintains the ability to stimulate MAP kinases: ␤2AR TYY (25) . In cells stably expressing the mutant ␤2AR TYY , only carvedilol stimulated a significant ERK1/2 response (Fig. 2B) . Through either receptor, carvedilol-stimulated pERK was insensitive to pertussis toxin pretreatment, excluding a role for G i coupling in carvedilolstimulated pERK [supporting information (SI) Fig. 6 ]. Furthermore, carvedilol-stimulated pERK was completely blocked by pretreatment with the ␤2AR selective antagonist ICI 118,551 (data not shown), demonstrating ␤2AR specificity.
␤2AR Phosphorylation. We then focused our screen on carvedilol and propranolol, which were the only ␤AR antagonists that functioned as inverse agonists for G s -dependent AC activation but stimulated ERK 1/2 activation. Previous work demonstrated that the ␤2AR cytoplasmic tail must be phosphorylated by GRKs in order for ␤-arrestin to be recruited to the receptor (32). Using both a phospho-specific antibody identifying GRK phosphorylation sites and 32 P metabolic labeling, we observed that carvedilol but not propranolol can stimulate significant ␤2AR phosphorylation. A 30-min treatment with carvedilol stimulated a 1.9 Ϯ 0.09-fold increase in receptor phosphorylation at the known GRK sites, serine 355/356 (Fig. 3A) and a 1.9 Ϯ 0.1-fold increase in global receptor phosphorylation (Fig. 3B ). Carvedilol-mediated receptor phosphorylation was blocked by propranolol pretreatment (data not shown).
␤-Arrestin Recruitment. The ␤2AR exhibits a transient, lowaffinity interaction with ␤-arrestins and undergoes rapid recycling to the plasma membrane after internalization, a pattern known as ''Class A'' recruitment. ''Class B'' receptors such as the vasopressin V2 receptor (V2R) have a more prolonged interaction with ␤-arrestin and recycle to the plasma membrane slower than Class A receptors (33) . One method for increasing ␤-arrestin affinity, and therefore assay sensitivity, is to construct chimeric Class A receptors that possess a Class B receptor cytoplasmic tail, such as the ␤2AR-V2R receptor chimera (34) . As visualized by confocal microscopy, both isoproterenol and carvedilol stimulated recruitment of ␤-arrestin2-GFP to the ␤2AR-V2R receptor chimera, whereas propranolol did not (Fig.  4A) . Alprenolol, labetalol, and ICI 118,551 were also unable to stimulate ␤-arrestin2-GFP recruitment (data not shown). Furthermore, carvedilol-stimulated ␤-arrestin recruitment was blocked by pretreatment with either ICI 118,551 or propranolol (data not shown), demonstrating ␤2AR specificity.
␤2AR
Internalization. Previous studies have demonstrated that ␤-arrestins can serve as adaptors for AP-2 and clathrin (35) (36) (37) , which bring activated receptors to clathrin-coated pits for endocytosis and facilitate receptor internalization. Carvedilol, but not propranolol, induces receptor internalization as assessed by f luorescence-activated cell sorting. Carvedilol stimulated 5.5% Ϯ 1.7 receptor internalization, whereas the full agonist isoproterenol stimulated 38.7% Ϯ 3.5 receptor internalization (Fig. 4B ).
␤-Arrestin2-Mediated ERK Activation. To test the potential role of ␤-arrestin in carvedilol-stimulated cell signaling, we analyzed ERK 1/2 activation after depletion of ␤-arrestin2 by siRNA in HEK-293 cells stably expressing ␤2AR. For isoproterenol, pERK was reduced by 42.3 Ϯ 2.2% at 5 min, whereas for carvedilol, pERK was reduced by 71.0 Ϯ 4.5% (Fig. 5A) . In HEK-293 cells stably expressing ␤2AR
TYY , pERK for isoproterenol was reduced by 38.5 Ϯ 5.2% at 5 min, whereas for carvedilol, pERK was reduced by 70.1 Ϯ 4.4% after ␤-arrestin2 silencing (Fig. 5B) . Both of these results correlated with the overall efficiency of the ␤-arrestin2 siRNA to lower cellular levels of ␤-arrestin2 by Ϸ70% (data not shown). A second siRNA sequence targeting ␤-arrestin2 gave similar results, demonstrating specificity of the silencing effect (data not shown). Of note, isoproterenol-stimulated ERK activation seen in cells expressing ␤2AR
TYY after siRNA silencing of ␤-arrestin2 was due to G protein-stimulated ERK activation from endogenous ␤2ARs in HEK-293 and is not mediated by the mutant receptors (25) .
Discussion
Here, we report that among 16 ␤AR antagonists, a diverse spectrum of efficacies was observed for both G s -dependent and ␤-arrestin-dependent cellular signaling (SI Table 1 ). Additionally, we identify one compound, carvedilol, that possesses the unique signaling profile of negative efficacy for G s -dependent AC activation but positive efficacy for ␤-arrestin-dependent ERK 1/2 activation. Moreover, carvedilol stimulates phosphorylation of the ␤2AR, ␤-arrestin translocation to the receptor, and receptor internalization, all of which are characteristic of ␤-arrestin-mediated cellular processes. Thus, carvedilol acts as a ''biased'' ligand (38) signaling via ␤-arrestin-dependent ERK 1/2 activation in the absence of G protein activation. We hypothesize that this bias may help explain carvedilol's unique clinical effectiveness in heart failure and other cardiovascular diseases.
The concept of ligand bias challenges the traditional paradigm of 7TMR ligand characterization based on ''intrinsic efficacy,'' the amount of stimulus per receptor molecule elicited by a ligand upon binding (39) . Implicit in this classification is the assumption that a given ligand should be equally effective at stimulating all cellular responses for a given receptor (39, 40) . However, much work over the last 15 years has demonstrated that a single ligand can have differential intrinsic efficacies for various effector systems downstream of a given receptor (3, 39, (41) (42) (43) . Consequently, a given ligand's pharmacologic efficacy, or its ability to produce a desired therapeutic effect, may not be fully explained by its ability to stimulate a single receptor-mediated signaling pathway. The recognition that pharmacologic efficacy cannot be encompassed by the simple agonist/antagonist classification has not, to date, been correlated with insight into associated clinical outcomes of biased ligands.
Recently, it has been appreciated that many receptors including the ␤2AR can exist in multiple ''active'' conformations after ligand binding (3) (4) (5) (6) . These variable conformations may lead to widely differing cellular outcomes and may help explain the diverse signaling profiles we observed with a variety of ␤AR antagonists. Viewed in the context of this report, it seems likely that carvedilol stabilizes distinct receptor conformations from other ␤AR antagonists. Thus, it is perhaps not surprising that these compounds range in their clinical efficacy as well (21) . We postulate that the diverse signaling profiles observed in this study indicate that ligand bias may play a role in determining the effectiveness of pharmacologic agents targeting 7TMRs.
One of the major paradigm shifts in cardiovascular medicine was the innovation that ␤AR antagonists could be an effective therapy for the treatment of heart failure (44) . This originated from the observation that activation of the sympathetic nervous system may be fundamental to the progression of heart failure (45). Consequently, it was hypothesized that pharmacologic blockade of the sympathetic nervous system, in particular of the ␤1AR and ␤2AR, could slow the progression of heart failure (46) . It was recognized quite early that different ␤AR antagonists possessed differing clinical efficacies in heart failure, and their effectiveness could not simply be attributed to a class effect (47, 48) . Currently, only three agents, carvedilol, metoprolol succinate, and bisoprolol are approved for the treatment of heart failure in the United States (48) . Although their relative efficacies are unknown, some evidence suggests that carvedilol may possess survival advantages over other ␤AR antagonists (23) .
Survival advantages observed with carvedilol treatment in cardiovascular diseases including heart failure (23) and post-AMI (20) have been ascribed to a multitude of ancillary properties of carvedilol as outlined earlier (26) (27) (28) (29) (30) . However, controversy still exists over whether any of these properties can sufficiently explain carvedilol's clinical efficacy. We hypothesize that the unique signaling profile exhibited by carvedilol may, in part, explain its distinctive clinical efficacy. This hypothesis is supported by recent animal work demonstrating that ␤-arrestindependent signaling can be cardioprotective in the presence of chronic catecholamine stimulation, as is the case in heart failure, whereas G protein-dependent signaling may be cardiotoxic under these same conditions (49) . These in vivo experiments revealed that, in these conditions, the loss of ␤-arrestin-mediated signaling through the ␤1 adrenergic receptor resulted in increased apoptosis and cardiac deterioration. This work provides strong evidence that a biased ligand such as carvedilol, which antagonizes G protein-mediated signaling while simultaneously stimulating ␤-arrestin-mediated signaling, may have increased therapeutic potential over conventional ␤AR antagonists.
In our studies, only carvedilol possessed this unique profile of inverse agonism for G s -dependent AC activation while concurrently stimulating ␤-arrestin-dependent ERK 1/2 activation. One possible caveat, however, is that all experiments were carried out by using exogenously expressed receptors because of the difficulty in detecting responses with endogenous receptors in our assays. Propranolol, which also acted as an inverse agonist for G s -dependent AC activation, was able to weakly activate ERK 1/2 as observed by others (41) (42) (43) . In our system, however, propranolol was unable to activate several characteristic processes of ␤-arrestin-dependent signaling. These observations suggest the possibility of yet another signaling pathway to ERK 1/2 activation that is both G protein-and ␤-arrestin-independent and that can be stimulated by propranolol. The functional consequences of such a pathway are unknown but likely differ from both the G protein-and ␤-arrestin-dependent pathways.
In the current report, we monitored only ERK 1/2 activation as a readout for ␤-arrestin-dependent signaling. Because ␤-arrestin is known to signal via a range of other signaling pathways, ␤-arrestin-biased ligands likely also stimulate ␤- Quantification of pERK bands is as a percentage of maximal activity observed for isoproterenol. ** , P Ͻ 0.01; *** P Ͻ 0.001.
arrestin-dependent, G protein-independent signaling via JNK3, p38 kinase, PI3K, or Akt. Biased ligands also possibly stimulate multiple levels of specificity such as GRK subtype-specific receptor phosphorylation and/or stabilization of specific ␤-arrestin conformations coupled to distinct functional outcomes. Furthermore, compounds could also be biased in the opposite direction from carvedilol, activating G protein-mediated pathways while simultaneously antagonizing ␤-arrestin-dependent signaling pathways (50) . The physiological and clinical profiles of such agents might be distinct from those currently available. Ultimately these biased ligands may possess even greater efficacy in the treatment of various diseases while reducing undesirable effects and would represent a model for the development of 7TMR-targeted therapeutics.
The recognition that intrinsic efficacy is not simply a function of G protein-coupling efficacy and can vary greatly depending on the observed effector system has changed the definition of pharmacologic efficacy. Here, we have identified a signaling profile unique to carvedilol that may correlate with, or be responsible for, its unique clinical efficacy. In our study, carvedilol stimulates only very weak activation of ␤-arrestindependent signaling processes. Consequently, we propose that carvedilol could serve as a prototype for the design of compounds that, although possessing no efficacy for G protein stimulation, could nevertheless stimulate ␤-arrestin-dependent signaling to a greater extent than carvedilol. Biased ligands of this type would represent a new generation of therapeutic agents that could be targeted for any number of receptors. Although the therapeutic potential of these biased ligands remains to be demonstrated, the data presented herein suggest a potential direction in the treatment of cardiovascular disease and, in particular, of heart failure.
Materials and Methods
Materials. Acebutolol, alprenolol, atenolol, betaxolol, ICI 118,551, isoproterenol, labetalol, metoprolol, nadolol, pindolol, propranolol, sotalol, and timolol were obtained from Sigma (St. Louis, MO). Bisoprolol and practolol were obtained from Mutual Pharmaceutical (Philadelphia, PA) and Ayerst Laboratories (Madison, NJ), respectively. Racemic carvedilol was generously provided by Dr. Richard Bond (University of Houston, Houston, TX).
Plasmids. FLAG-␤2AR/pcDNA3 (25) and ␤-arrestin2-GFP (25) were generated in our laboratory. The ␤2AR-V2R chimera receptor was a generous gift from Dr. Marc Caron (Duke University) (34) .
Cell Culture. HEK-293 lines stably expressing 2 pmol/mg ␤2AR or ␤2AR TYY were generated in our laboratory (25) and were maintained in MEM supplemented with 10% FBS, 1% penicillin/streptavidin, and 400 g/ml G418 (Sigma).
ICUE2 cAMP Assay. HEK-293 cells stably overexpressing both the human ␤2AR (25) and the cAMP biosensor ICUE2 (31) were generated and validated as described (31) . Intracellular cAMP concentrations were measured as a FRET ratio: the CFP intensity (438/24 excitation and 483/32 emission bandpass filters; Semrock, Rochester, NY) over FRET intensity (542/27 emission filter). Experiments were performed on a NOVOstar plate reader (BMG, Durham, NC). Data shown are the change in FRET ratio before and after addition of ligand or, for the inverse agonism experiments, addition of isobutylmethylxanthine (IBMX). IBMX was used at 250 M to inhibit PDE activity and allow detection of constitutive ␤2AR activity.
Immunoblotting. Phospho-ERK and phospho-␤2AR immunoblotting were carried out as described (25) . pERK antibody was anti-phospho-p44/42 MAPK (1:3,000; Cell Signaling Technology, Beverly, MA) for Western blot. Total ERK1/2 was detected with anti-MAPK 1/2 (1:6000; Upstate Biotechnology, Lake Placid, NY) for Western blot. Antibodies recognizing the ␤2AR and phospho-␤2AR (on S355/6) were purchased from Santa Cruz Biotechnology, Santa Cruz, CA. Rabbit polyclonal ␤-arrestin antibody (A1CT) was generated in our laboratory (51) .
Metabolic Labeling and ␤-Arrestin Translocation Assays. Metabolic labeling and ␤-arrestin translocation assays were accomplished according to previously described protocols (25) . For ␤-arrestin translocation, HEK-293 cells were transiently transfected with the ␤2V2R chimera (34) and ␤-arrestin-2-GFP by using Fu-GENE (Roche, Indianapolis, IN). Images were taken at 1-min intervals for 10 min after stimulation.
Internalization and siRNA Silencing of Gene Expression. Internalization and siRNA gene silencing were carried out with previously described siRNAs and methods (25) , except for the addition of a second siRNA targeting ␤-arrestin2, which was 5Ј-CCAACCUCAUUGAAUUUGA-3Ј. To determine ␤-arrestin 2 protein silencing, endogenous ␤-arrestin 1/2 were detected with A1CT (1:3000) antibody, as described (52) . Only experiments with validated silencing were analyzed; average silencing of ␤-arrestin2 was 69.9 Ϯ 1.6%.
Statistical Analysis. Statistical analyses performed were one-way ANOVA with post hoc Bonferroni tests, or Student's paired t tests. A P value of Ͻ0.05 was considered statistically significant.
